Protein C Nagoya, an elongated variant of the human protein C, is retained and degraded within the cells in which it is produced (Yamamoto et al, J Clin lnwest 90:2439, 1992). To determine the subcellular localization of the protein C Nagoya, the recombinant protein C bearing this mutation was expressed in Chinese hamster ovary (CHO) cells. The mutant protein C was not secreted from the cells and remained susceptible to endo-#I-Nacetylglucosaminidase H (endo H). Immunoelectron microscopy indicated that protein C Nagoya was retained in the endoplasmic reticulum (ER), whereas wild-type protein C was observed in both the ER and the Golgi apparatus. Metabolic radiolabeling with I8%1 methio-ROTEIN C IS A vitamin K-dependent glycoprotein and P plasma serine protease precursor that acts as an anticoagulant and plays an important regulatory role in hemostasis. The native human protein C molecule is a disulfide-linked heterodimer composed of a light chain (molecular mass, -25 kD) and heavy chain (molecular mass, -41 kD).' It is synthesized in the liver as a 461-amino acid precursor protein that undergoes extensive cotranslational and/or posttranslational modification (P-hydroxylation, y-carboxylation, and glycosylation). The protein C pathway is initiated by formation of a complex between thrombin and thrombomodulin. This complex catalytically generates activated protein C (APC) and enhances the rate of protein C activation by thrombin by at least 1,000-fold.2 APC cleaves and inactivates the membrane-bound activated forms of coagulation factors V and VI11 (Va and VIIIa). The anticoagulant activity of APC is potentiated by two plasma proteins, protein S and factor V.3
P plasma serine protease precursor that acts as an anticoagulant and plays an important regulatory role in hemostasis. The native human protein C molecule is a disulfide-linked heterodimer composed of a light chain (molecular mass, -25 kD) and heavy chain (molecular mass, -41 kD).' It is synthesized in the liver as a 461-amino acid precursor protein that undergoes extensive cotranslational and/or posttranslational modification (P-hydroxylation, y-carboxylation, and glycosylation). The protein C pathway is initiated by formation of a complex between thrombin and thrombomodulin. This complex catalytically generates activated protein C (APC) and enhances the rate of protein C activation by thrombin by at least 1,000-fold.2 APC cleaves and inactivates the membrane-bound activated forms of coagulation factors V and VI11 (Va and VIIIa). The anticoagulant activity of APC is potentiated by two plasma proteins, protein S and factor V. 3 Protein C deficiency is an autosomally inherited disorder that is associated with a high risk of recurrent venous thrombosis. The mutation database contains 329 mutations in the protein C gene from a total of 315 unrelated probands? Most are missense mutations, with the remainder consisting of nonsense mutations, splice-site abnormalities, frameshift mutations, and so on. nine in combination with chemical cross-linking showed that the protein C Nagoya existed in the ER as a complex with 78-kD glucose-regulated protein (GRP78) and 94-kD glucose-regulated protein IGRP94). Because both GRP78 and GRP94 associate to a far lesser degree with wild-type protein C than with protein C Nagoya, our data suggest that both stress proteins function as molecular chaperones and work in concert with the folding and assembly of protein C. These findings extend our understanding of the molecular pathogenesis of protein C deficiency. 0 1996 by The American Society of Hematology.
We have previously reported a mutated protein C, designated protein C Nagoya, characterized by the deletion of a single guanine residue (sss7G) among four consecutive guanine nucleotides [38@Trp (TGG)-"'Gly (GGT)]. This results in a frameshift mutation with replacement of the carboxyterminal 39 amino acids of wild-type protein C (381Gly-419Pr0) by 81 abnormal amino acids.' This elongated variant is mostly retained and degraded within the producing cells. In the present study, we have examined the precise subcellular localization of wild-type protein C and protein C Nagoya. Pulse-chase experiments, immunofluorescence, and electron microscopic studies showed that protein C Nagoya is retained and degraded in the endoplasmic reticulum (ER).
An unresolved issue is how protein C Nagoya is selectively retained within the ER, which does not function primarily as a protein degradation. It is known that several proteins are retained in the ER in association with molecular Molecular chaperones are proteins that function as foldases, essentially guiding nascent polypeptides along the folding and assembly pathway^.'^ It is not known whether the assembly of protein C is also facilitated by chaperones in the ER and, if so, which chaperones would be involved.
We have found 80-kD and 100-kD proteins that coprecipitated with protein C Nagoya and wild-type protein C . These proteins could be reversibly cross-linked to protein C Nagoya and were identified as 78-kD glucose-regulated protein (GRP78) and 94-kD glucose-regulated protein (GRP94), respectively. Not only mutant but also wild-type protein C associate with GRP78 and GRP94. These data suggest that both GRF78 and GRP94 play important roles in the protein C assembly. Construction of expression vectors. The plasmid vector pEDI5 was a generous gift from Genetics Institute (Cambridge, MA). cDNA fragment coding for protein C was ligated into the multicloning site of the pBluescript KS I1 (+) (Stratagene, La Jolla, CA), designated pBPC.5 cDNA fragments were excised from pBPC by EcoRI digestion and ligated into the cloning site of PED; the resulting construct was designated pEDPC. The direction of insertion was confirmed by Sal I digestion. Site-directed mutagenesis of protein C coding sequences was performed for a single G deletion at nucleotide 8857, as previously de~cribed.~.'~ cDNA fragments encoding protein C Nagoya were ligated at the EcoRI site of PED; the resulting construct was designated pEDPCN. All construct sequences were confirmed by the dideoxy chain termination method."
CHO-DUKX-B 11 cells were grown in CY minimum essential medium containing 10% fetal calf serum, 100 U/mL penicillin, 50 pg/mL streptomycin, 1 "OIL L-glutamine (GIBCO-BRL, Gaithersburg, MD), 5 pg/mL of vitamin K1 (Eisai, Tokyo, Japan), 10 mmoVL HEPES (N-[2-Hydroxyethyl] piperazine-Nf-[2-ethanesulfonic acid]), and 10 pg/ mL each of adenosine, deoxyadenosine, and thymidine (ADT Sigma, St Louis, MO). Stable cell lines were generated as previously described." In brief, CHO-DUKX-BI 1 cells were subcultured 24 hours before transfection into a 100-mm tissue culture plate. Approximately 2 X IO6 cells were transfected with 15 pg of expression vector by using LIPOFECTIN reagent (GIBCO-BRL). Cells were grown 24 hours after transfection in Opti-MEM (GIBCO-BRL) containing 2 mmoVL L-glutamine, 100 U/mL penicillin, 50 pg/mL streptomycin, and 10 pg/mL each of ADT. The cells were cultured in ADT medium for additional 48 hours and then subcultured at a split ratio of 1:lO -40 into 100-mm plate in selection medium (ct minimum essential medium containing 10% dialyzed fetal calf serum, 100 U/mL penicillin, 50 pg/mL streptomycin, 2 mmoVL L-glutamine, 10 mmoln HEPES, and 5 pg/mL of vitamin KI). After 10 days, colonies were isolated and propagated individually in selection medium. CHO cells transfected with pEDPC and pEDPCN were designated CHO-PC and CHO-PCN, respectively. All cell cultures were maintained in a humidified 5% C o t incubator at 37°C.
The protein C antigen level was measured by enzyme-linked immunosorbent assay (Asserachrom Protein C 11; Boehringer Mannheim, Mannheim, Germany). Protein C anticoagulant activity was determined by a onestage activated partial thromboplastin time (APTT) assay using protein C-deficient plasma as a substrate (Staclot Protein C 11; Boehringer Mannheim). A standard normal pooled plasma prepared from 24 healthy donors was defined to contain 100% protein C antigen and 100% protein C activity. This normal pooled plasma contains 3.6 pg/mL of protein C antigen. The relative activity of each medium was defined as the percentage of activity divided by antigen in comparison to that of the normal pooled plasma (100%).
Stable expression of recombinant protein C.
Measurements of protein C antigen and activity.
Pulse-labeling and immunoprecipitations. For metabolic radiolabeling of methionine residues, 100-mm diameter dishes of confluent cells were incubated in methionine-free Dulbecco's modified Eagle medium (DMEM; GIBCO-BRL) containing 10% dialyzed fetal bovine serum (GIBCO-BRL) for 1 hour at 37°C. The cells were then labeled with 1.5 mL of methionine-free DMEM supplemented with 160 pCi of EXPRE35S35S [35S] protein labeling mix (Dupont NEN Products, Boston, MA) for 30 minutes. Chases were initiated by removing the labeled medium and adding complete media containing 10 mmoVL unlabeled methionine and were terminated at various times. The culture media were harvested by centrifugation at 4°C at 500 rpm for 5 minutes to remove cellular debris. The labeled cells were washed twice with cold phosphate-buffered saline (PBS) and lysed on ice with 50 mmoVL Tris, pH 7.4, 150 mmoVL NaCl, 1% Triton X-100 (Wako Pure Chemical, Osaka, Japan), and 1 mmoVL phenylmethylsulfonyl fluoride (PMSF Wako) for 30 minutes. The lysates were centrifuged at 12,000 rpm for 10 minutes at 4"C, and the supernatants were stored. The supernatants were precleared with protein A-Sepharose 4 fast flow (Pharmacia Biotech, Uppsala, Sweden; 400 pL of a 1:lO Sepharose/dilution buffer slurry) and 10 pL of normal rabbit serum (Dako) for 3 hours at 4°C with shaking. After preclearing, an appropriate amount of rabbit antihuman protein C antibody (Dako) was added to the supernatant and incubated for 16 6 .81, 20% glycerol, 4% SDS, and 0.2% bromophenol blue) containing 10% 2-mercaptoethanol for 5 minutes. Eluted proteins were separated by electrophoresis on 7.5% SDS-polyacrylamide gels.19 After they were fixed with 10% acetic acid and 30% methanol, they were treated with En3Hance (Dupont-NEN, Boston, MA), and analyzed with the Fujix Bio-Imaging Analyzer BAS2000 System (Fuji Photo Film Co, Tokyo, Japan) to quantify radioactivity incorporated into proteins.
Cell lysates were subjected to chemical cross-linking by the addition of appropriate volume of a 50 mmoV L stock solution of dithiobis[succinimidyl propionate] (DSP; Pierce, Rockford, IL) in dimethyl sulfoxide (Katayama) to a final concentration of 1 mmoVL to the cell lysates. After 30 minutes at 4"C, the cross-linking reaction was terminated by adding glycine to a final concentration of 10 mmoVL followed by 10 minutes of further incubation at 4T.7
Endo H digestion. The endo-P-N-acetylglucosaminidase H (endo H) treatment was performed as described.m Immunoprecipitates were eluted from protein A-Sephmse by boiling in 140 pL of 10 mmoVL Tris-HC1 (pH 7.4) containing 1% SDS. After 20 pg of BSA was added as a carrier, the eluted proteins were precipitated with 1 mL of cold acetone and resuspended in 0.1 m o m sodium citrate (pH 5.5) containing 0.075% SDS and 0.2% 2-mercaptoethanol. After the addition of aprotinin (1 I ) , the solutions were divided into two equal aliquots, one of which was treated with 2 mU of endo H (Boehringer Mannheim) while the other served as an undigested control. Digestion was performed for 16 hours at 30°C, terminated by the addition of 30 pL of 2X SDS sample buffer containing 10% 2-mercaptoethanol, followed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
Immunoblot analysis was performed as previously described.*' Briefly, two 100-mm dishes of unlabeled Chemical cross-linking.
Immunoblot analysis.
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From and chased with unlabeled medium for the indicated times. Chase medium and cell lysates were immunoprecipitated with rabbn antihuman protein C antibody. Immunoprecipitates were separated by 7.5% SDS-PAGE under reducing conditions. (6) The protein C bands shown in (AI were scanned with the Fuji Bio-Imaging Analyzer BAS2000 system, and the incorporated radioactivity remaining at each time point was plotted as the percentage of that in protein C immunoprecipitated from labeled, unchased lysates 10 hours chase). Graphs depict representative individual data from three independent experiments.
CHO-DUKX-B 1 1, CHO-PC,and CHO-PCN cells were lysed, standardized. and subjected to chemical cross-linking with DSP, and immunoprecipitation was performed with rabbit antihuman protein C antibody (Dako) as described above. The immunoprecipitates were separated by 7.5% SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) protein sequencing membrane (Bio-Rad, Richmond, CA) using a TRANS-BLOT SD semi-dry transfer cell (BioRad). The membranes were probed with mouse anti-GRW8 MoAb, rat anti-GRP94 MoAb, rabbit anti-GRW8 polyclonal antibody, or rabbit anticalnexin peptide 3 at a dilution of 1:1,OOO in TBS-T (20 m m o l n Tris-HC1. pH 7.6, 137 mmol/L NaCI, 0.1% Tween-20) at room temperature for 1 hour. After washing with TBS-T, the membranes were incubated with biotinylated species-specific antimouse, rat, or rabbit Ig (Amersham, Buckinghamshire, UK) at a dilution of 1 : 1 ,OOO in TBS-T at room temperature for 1 hour. The membranes were then incubated with streptavidin-horseradish peroxidase conjugate (Amersham) diluted 1:1,500 in TBS-T at room temperature for 1 hour. After the addition of ECL chemiluminescent substrate (Amersham), the membranes were exposed to Hyperfilm ECL (Amersham). The proteolytic peptide mapping procedure was an adaptation of Cleveland et at?' Briefly, "S-labeled CHO-PCN cells were lysed with DSP and immunoprecipitated with rabbit antihuman protein C polyclonal antibody as described above. After separation by 7.5% SDS-PAGE, the bands of interest were cut from the gel. The gel slices were placed in the wells of a second 15% acrylamide gel. Various concentration of V8 protease (Sigma) in 10 pL of 10% glycerol, 0.1% SDS, 1 mmol/L EDTA, 2.5 mmoll L dithiothreitol, 0.001% bromphenol blue, and 0.125 moln Tris (pH 6.8) were added. The gel slices and enzymes were electrophoresed until the dye migrated about two-thirds of the distance into the stacking gel. The power was then tumed off, and digestion was P roreolyric peptide mapping.
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From were immunoprecipitated with rabbit antihuman protein C. Immunoprecipitates were then divided into two equal aliquots, one of which was treated with endo H (+) before analysis by 7.5% SDS-PAGE under reducing conditions. The other aliquot served as an untreated control (-) and was processed in the same way, except that endo H was not added in the reaction buffer. 
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For personal use only. on September 24, 2017. by guest www.bloodjournal.org From allowed to progress for 30 minutes. Electrophoresis was then resumed. Proteolytic peptide mapping of GRP78 and GRP94 as control experiments were performed in a similar fashion, except that the radiolabeled CHO-PCN cells were lysed without DSP and immunoprecipitated with mouse anti-GRP78 MoAb or rat anti-GRP94 MoAb.
CHO-DUKX-B 1 I , CHO-PC, and CHO-PCN cells grown on cover slips were fixed with 4% paraformaldehyde in 0.1 molL phosphate buffer (pH 7.4) for 20 minutes at room temperature. The cells were then permeabilized with 99.5% ethanol for 5 minutes at room temperature, washed with PBS, and incubated with rabbit antihuman protein C antibody (Dako) at a dilution of 1:200 in PBS for 1 hour at room temperature. The cells were washed with PBS twice, followed by incubation for 30 minutes with fluorescein isothiocyanate-conjugated goat antirabbit IgG (Seikagaku Corp, Tokyo, Japan) at a dilution of 1:100 in PBS. After two washes with PBS, the cells were mounted in 90% glycerol in PBS containing 1 mglmL of p-phenylendiamine as an antifade agent and examined with a Fluophotfluorescence microscope (Nikon, Tokyo, Japan).
CHO-DUKX-B 1 I, CHO-PC, and CHO-PCN cells were subcultured into 100-mm tissue culture plates. The cells were trypsinized and pelleted by centrifugation at 3, OOO rpm for 5 minutes at 4°C. The cell pellets were fixed with 2.5% glutaraldehyde in 0.1 molL phosphate buffer (pH 7.4) for 2 hours at 4OC and subsequently with I% Os04 in the same buffer for I hour at 4°C. After washing with 10% sucrose aqueous solution, the cell pellets were incubated with 2.5% uranyl acetate aqueous solution for block staining, dehydrated with a graded ethanol series, and embedded in Epok 812 epoxy resin (Oken Shoji, Tokyo, Japan). Ultrathin sections cut with a Porter-Blum MT-I UItramicrotome (Sorvall Inc, Newtown, CT) were stained with uranyl acetate and lead citrate and examined with an H-7100 transmission electron microscope (Hitachi, Tokyo, Japan) at an acceleration voltage of 100 kV.
Immunoelecrron microscopy. Pellets of CHO-DUKX-B 1 1. CHO-PC, and CHO-PCN cells were fixed with 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 molL phosphate buffer (pH 7.4) for 1 hour at 4°C. The fixed cells were dehydrated in ethanol and embedded in Lowicryl K4M (TAAB Laboratories, Berks, UK), as described by Senda et aL2' Lowicryl ultra-thin sections picked up on nickel grids were pretreated with 1% bovine serum albumin (BSA) in PBS for 5 minutes and incubated with rabbit antihuman protein C (Dako) diluted 1:250 -1,OOO in PBS containing I % BSA for 2 hours at room temperature. Control sections were incubated Immiinojluorescence microscopy.
Convenrional thin section elecrron microscopy.
in PBS containing normal rabbit serum (Dako) instead of specific antibody. After being washed with PBS, sections were incubated with 10-nm colloidal-gold-conjugated goat antirabbit IgG (Amersham) diluted 130 in PBS for I hour at room temperature. Sections were stained with uranyl acetate and lead citrate and examined by electron microscopy.
RESULTS

Expression of the normal and mutant protein C genes.
The amount of protein C in the culture media and cell lysates was determined (Table I ). In CHO-PC cells, the mean values of protein C expressed in the cell lysates and the media were determined to be 105.4 and 1,073.7 @IO6 cells, respectively. The relative activity of secreted protein C was 93%. In CHO-PCN cells, the mean value of protein C in the cell lysates was 127.4 ng/lOh cells.
Pulse-chase experiments in a stable expression system. To evaluate the intracellular transport of the newly synthesized protein C, stable transformants expressing wild-type or mutant protein C were used in pulse-chase studies. Highproducer cell lines were pulse-labeled with ["SI methionine for 30 minutes and chased with culture media containing an excess of unlabeled methionine for up to 8 hours (Fig 1) . Radiolabeled protein C in the culture supernatant and cell lysates was then immunoprecipitated. The results showed that the wild-type protein C was secreted as a 62-kD singlechain form and two-chain form into the medium (Fig IA) . Furthermore, two types of heavy chains with molecular masses of 41 and 37 kD were observed due to heterogeneity of sugar chains.' A quantitative analysis of pulse-chase experiments showed that the majority of the pulse-labeled radioactivity was recovered from the medium after an 8-hour chase and that the total amount of radioactivity was relatively constant during the chase periods (Fig 1B) . In contrast, protein C Nagoya was precipitated as a larger (66 kD) protein from the lysates of CHO-PCN and was not secreted into the medium (Fig IA) . This difference in size between wild-type protein C and protein C Nagoya is due to elongation of the carboxy-terminal amino acids. 5 We noted 42-and 38-kD proteins in the cell lysates; these proteins might be degradation fragments of protein C Nagoya.*' In addition, a decrease For personal use only. on September 24, 2017. by guest www.bloodjournal.org From in the total radioactivity was observed (Fig IB) . These data suggest that some of the protein C Nagoya might be degraded intracellularly in CHO cells.
The wild-type protein C has four sites for N-linked glycosylation in its structure.' Along with the intracellular transport of the protein from the ER to the Golgi apparatus, the N-linked oligosaccharide chain is converted from a high mannose form to a complex form, resulting in the protein C acquiring endo H resistance, which occurs in the medial-Golgi compartment.
To determine the subcellular localization of the protein C, both the intracellular and the secreted protein C was sub-
Endo-H digestion.
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Fig 5. lmmunoelectron microscopy. CHO-DUKX-Bll, CHO-PC, and CHO-PCN cells were examined by postembedding immunoelectron microscopy using 10-nm colloidal-gold-conjugated second antibody. In CHO-PC cells, gold particles were mainly distributed on rough ER (C) and Golgi apparatus (D). In the CHO-PCN cells, rough ER was more heavily labeled with gold particles (E) than CHO-PC cells, and no gold particles were localized on the Golgi apparatus (F). CHO-DUKX-B11 cells showed no specific immunoreaction (A and B). Arrowheads indicate the ER; G, Golgi apparatus; N, nucleus. Scale bars, 100 nm.
jected to endo H digestion. The wild-type protein C in the cell lysates was sensitive to endo H cleavage from immediately after synthesis to 240 minutes of chase (Fig 2A) . Although the secreted protein C was fully endo H resistant when first detected in the medium at 60 minutes of chase (Fig  2B) , the endo H-resistant population of the cell-associated protein C was hardly detectable, indicating that the wildtype protein C was secreted soon after acquiring complex type N-linked oligosaccharides. In contrast, the protein C Nagoya from the cell lysates remained endo H sensitive during the entire chase period (Fig 2C) and neither the endo H-sensitive nor the endo H-resistant protein appeared in the medium even at the end of the chase period (data not shown). These results suggest that the protein C Nagoya has high mannose type carbohydrate chains and is localized to the pre-Golgi compartment and that intracellular transport of the mutant blocked is between the ER and the site of oligosaccharide processing within Golgi apparatus. 1mmunr)~iiorescence microscopic localization ?f wild-type protein C and protein C Nagoya. We further determined the subcellular localization of wild-type protein C and protein C Nagoya using immunofluorescence microscopy. In CHO-PC cells, a perinuclear spot with prominent brightness and weak cytoplasmic reticular staining was observed ( Fig  3B) . In CHO-PCN cells, the intensity of the cytoplasmic reticular staining was higher than in CHO-PC cells, whereas the perinuclear spot was not seen (Fig 3C) . No immunofluorescence was detected in CHO-DUKX-B 1 1 cells (Fig 3A) .
Judging by comparison of these observations with the results from conventional thin section electron microscopy described below, the cytoplasmic reticular immunostaining pattern and the perinuclear spot correspond to the extended rough ER and Golgi apparatus-accumulated region, respecThus, protein C Nagoya appears to be retained in the rough ER, whereas normal protein C is transported to the Golgi apparatus.
Ultrastructural characteristics of CHO-DUKX-BII, CHO-PC, and CHO-PCN cells. Using conventional thin section electron microscopy, CHO-DUKX-B 1 1 (Fig 4A  through C) , CHO-PC (Fig 4D and E) , and CHO-PCN cells (Fig 4F and G) had irregularly shaped nuclei and well-developed membrane organelles (rough ER, mitochondria, and Golgi apparatus). The rough ER was extended and distributed all over the cytoplasm and exhibited frequent curves, branches, and anastomoses. It was closely associated with mitochondria ( Fig 4B) . The cistern of rough ER in CHO-PCN cells was often enlarged, suggesting the accumulation of excess amounts of newly synthesized protein (Fig 4F) . whereas the rough ER in CHO-DUKX-BI 1 and CHO-PC cells was flat (Fig 4B and D) .
In each cell type, several Golgi apparatuses clustered to form a Golgi-associated region near the nucleus, with few Golgi apparatuses in the cell periphery. Each Golgi apparatus consisted of several stratified Golgi saccules. The Golgi saccules in CHO-DUKX-B11 (Fig 4C) and CHO-PCN cells (Fig 4G) were flat, whereas those in CHO-PC cells tended tively. '5-'7 For to be swollen (Fig 4E) , suggesting accumulation of proteins in Golgi saccules in CHO-PC cells.
Immunoelectron microscopic localization of wild-type protein C and protein C Nagoya. Precise localization of wild-type protein C in CHO-PC cells and protein C Nagoya in CHO-PCN cells was determined by postembedding immunoelectron microscopy using IO-nm colloidal-gold-conjugated second antibody. In CHO-PC cells, gold particles were mainly distributed on the rough ER and Golgi apparatus (Fig SC and D) . Some gold particles were also seen in the cytoplasmic matrix occupied by abundant free ribosomes. In CHO-PCN cells, the rough ER was more heavily labeled with gold particles than in CHO-PC cells (Fig SE) , and no gold particles localized to the Golgi apparatus (Fig SF) . Some gold particles were also scattered in the free ribosomerich areas of cytoplasm in CHO-PCN cells. CHO-DUKX-B 1 I cells did not show any specific immunoreaction (Fig  5A and B) .
From these results of the immunoelectron microscopic study, we conclude that transport of protein C Nagoya from the rough ER to the Golgi apparatus is blocked and that this mutant protein is retained in the rough ER in CHO-PCN cells. The data from endo H digestion, immunofluorescence microscopy, and conventional thin section electron microscopy mentioned above support and reinforce this conclusion.
Coprecipitation of 80-kD and 100-kD proteins with protein C. To efficiently trap proteins that interact with either secreted or nonsecreted protein C, chemical cross-linking with DSP was performed. The CHO-PC and CHO-PCN cells were metabolically labeled and lysed in the absence or presence of DSP (Fig 6A) . Lysates were immunoprecipitated with a rabbit antihuman protein C antibody, and proteins were separated on reducing SDS gels. Small amounts of 80-kD and 100-kD proteins, designated p80 and p 100, coprecipitated with wild-type protein C in the presence of DSP. Far more p80 and pl00 coprecipitated with nonsecreted mutant protein C in the presence of DSP (Fig 6A) . Approximately threefold more p80 and sixfold more pl00 coprecipitated with protein C Nagoya than with wild-type protein C by quantitative analysis (data not shown). In the absence of DSP, only p80 coprecipitated with mutant protein C, and no proteins coprecipitated with wild-type protein C. Negative control study was performed by adding normal rabbit serum instead of rabbit antihuman protein C, and reducing SDS gels shows no proteins at all (data not shown). These results suggest that p80 and pl00 preferentially complex with protein C Nagoya in the ER.
p80, pl00, and protein C Nagoya are part of the same complex. Because both p80 and pl00 coprecipitated with protein C in cross-linked lysates, it was important to deter- 
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IgG HC mine whether this reflected a complex or not. CHO-PCN cells were metabolically labeled and lysed in the presence of DSP. The lysates were immunoprecipitated with a rabbit antihuman protein C antibody, and proteins were separated on a nonreducing SDS gel (Fig 6B) . High molecular weight molecules of 170 to 200 kD were seen. This area of the gel was excised, and the dried gel slices were rehydrated and separated by reducing SDS gel. As shown in Fig 6C , the proteins were separated into three bands corresponding to protein C Nagoya, p80, and p100, indicating that these proteins form a heterodimeric complex in the CHO-PCN cells immediately after synthesis. Identification of p80 and pl00 as GRP78 and GRP94, respective/y. To identify p80 and p100, immunoblot analysis of unlabeled rabbit antihuman protein C immunoprecipitates from CHO-DUKX-B 1 1, CHO-PC, and CHO-PCN cells was performed (Fig 7) . They were probed with either mouse anti-GRP78 MoAb, rat anti-GRP94 MoAb, or rabbit anticalnexin peptide 3. For both CHO-PC and CHO-PCN cells, the anti-GRP94 blot showed a 100-kD protein. For both CHO-PC and CHO-PCN cells, the blot of anti-GRP78 MoAb showed the 80-kD and 100-kD proteins, which is not surprising, because this antibody was directed against a C-terminal peptide containing a KDEL motif shared by GRP78 and GRP94.2K The blot of anti-GRW8 polyclonal antibody showed a 80-kD protein both in CHO-PC and CHO-PCN cells (data not shown). The anticalnexin blot showed no proteins (data not shown). The blot of CHO-DUKX-BI 1 cells showed no specific reaction (data not shown). These data showed that the p80 and plO0 were identical to GRP78 and GRP94, respectively.
The gel slices containing radiolabeled p80, GRP78, ~1 0 0 . and GRP94 were excised from the gel and digested with V8
protease. The resulting peptide fragments were then separated by SDS-PAGE. When p80 and GRP78 were digested, the resulting peptide profiles appeared to be indistinguishable (Fig 8A) . The peptide fragmentation pattern of pl00 and GRP94 were also very similar (Fig 8B) . These data reinforce the conclusion that the p80 and pl00 were identical to GRP78 and GRW4, respectively.
DISCUSSION
The genetic defects of human protein C have been characterized in a large number of cases. DNA abnormalities are reported in 329 cases, and the majority of these patients are heterozygous for type I protein C deficiency? We have previously shown that protein C Nagoya is mostly retained and degraded in the producing cells and that the underlying frameshift mutation apparently leads to protein C deficiency by impairment of secretion.' In the current study, to evaluate the basis for this impaired secretion, the intracellular location of the nascent protein C Nagoya was examined. Previous studies have reported on intracellular degradation of transport-impaired mutant of several
As for protein C, Tokunaga et al-" showed that abnormal protein C precursor synthesized in the presence of warfarin was selectively degraded by cysteine proteases in the ER. In most cases, impaired transport is attributed to the ER retention, but few trapped mutant proteins have actually been shown to be localized in the ER.'4.'s In the present study, several lines of evidence indicate that protein C Nagoya was retained and degraded in the ER. First, intracellular protein C Nagoya For personal use only. on September 24, 2017. by guest www.bloodjournal.org From was sensitive to endo H even after a long chase, indicating that the carbohydrate side chains in protein C Nagoya contain high mannose oligosaccharides added in the pre-Golgi compartment. Second, the impaired transport of protein C Nagoya from the rough ER to the Golgi apparatus was also confirmed by the morphologic studies. The immunoelectron microscopy clearly showed that protein C Nagoya was localized to the rough ER, whereas wild-type protein C was located in both the rough ER and Golgi apparatus. The findings from conventional thin section electron microscopy and immunofluorescence microscopy support this conclusion. To our knowledge, this is the first demonstration that mutant protein C is actually localized to the ER.
The glucose-regulated proteins (GRPs) were first described as a set of proteins whose synthesis was enhanced when mammalian cells were deprived of glucose. Subsequently, they were found to be ubiquitously expressed proteins that localized to the ER." GRP78 is the most studied member of this family and is identical to the Ig heavy-chain binding protein (BiP). It is a 78-kD protein that shares 60% amino acid identity with the 70-kD heat shock protein (HSP70). GRW8 is now known to bind to a wide repertoire of proteins traversing through the ER.37.3x It forms a stable complex with misfolded, aberrantly glycosylated, or unassembled proteins, thereby preventing such molecules from exiting the ER. Proteins with the capacity to fold to a native configuration interact only transiently with GRW8 in the form of assembly intermediates and dissociate from it as soon as they acquire their native structure. GRP94 is a 94-kD glycoprotein that shares 50% amino acid identity with the 90-kD heat shock protein (HSP90). Although GRP94 is coordinately induced with GRP78 by reagents causing accumulation of protein in the ER, the functional role of this protein is poorly understood. However, recent work indicates that GRP94, in concert with GRW8, may function as a molecular chaperone. Melnick et showed specific associa- 
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In the present study, we have shown the existence of a complex containing GRP94, GRF78, and protein C Nagoya. Whereas these two stress proteins are strongly associated with protein C Nagoya, only low amounts form a complex with wild-type protein C. Our interpretation of the more pronounced association of GRP94 and BiP/GRP78 with nonsecreted mutant protein C is that protein C Nagoya does not acquire its proper folding and is available for longer periods of time than wild-type protein to associate with these two ER proteins.
Taken together, the data presented here show that, during its biosynthesis, protein C associates with Bip/GRP78 and GRP94. The folding of protein C is presumably accompanied by dissociation of the two stress proteins, because only a marginal amount of the two proteins is associated with wildtype protein C. Although the intracellular processing of protein C presented here is in an overexpressing transfected cell line and may not be readily extrapolated to the hepatocyte, these findings are important to understand the pathogenesis of protein C deficiency. Further studies are required to clarify the precise role of these chaperones during the folding process of protein C in the ER.
